I. INTRODUCTION
The photodissociation of a van der Waals molecule is a ''half-collision'' initiated by excitation of one of the monomers to a well-defined quasibound vibrational state, and proceeding by intra-and intermolecular energy redistribution processes that finally lead to the dissociation of the complex. Especially when at least one of the monomers in the complex is a polyatomic molecule, this leads to interesting dynamics involving energy redistribution over the different ͑lower͒ vibrational modes of this monomer. Additional dynamical information is provided when the initial excitation includes also different van der Waals modes of the complex. The lifetimes of the initially excited states can be extracted from line broadening in the experimental spectrum or from timeresolved measurements. Further information about the dynamics of the predissociation process can be obtained by measuring the distributions over different states of the dissociated fragments. Much insight is gained when the experiments are accompanied by theoretical studies.
Several theoretical studies on the photodissociation of van der Waals complexes have been performed to date, [1] [2] [3] [4] mostly on atom-diatom systems, [5] [6] [7] [8] where, of course, there is only one intramolecular degree of freedom. Some work has already been done on diatom-diatom systems [9] [10] [11] and on atom-polyatom systems: Ar-H 2 O, 12 Ar-NH 3 , 13 and its fully deuterated isotopomer. 14, 15 The complex that we consider in the present paper, methane-Ar, is a prototype van der Waals molecule bound by dispersion forces. It is a very interesting system with regard to the problems mentioned above because it was observed in the infrared spectrum reported by Miller and co-workers 16, 17 that the bands that correspond to the excitation of different nuclear spin species and different intermolecular levels in combination with the 3 mode of methane show vibrational predissociation linewidths that range over an order of magnitude.
An essential element of theoretical studies aimed at understanding the observed phenomena is an intermolecular potential surface with an explicitly given dependence on the intramolecular ͑vibrational͒ coordinates of the constituents. In the preceding paper 18 ͑further referred to as Paper I͒ we present an analytic fit of the CH 4 -Ar potential that is not only dependent on the coordinates of argon, but also on four of the normal coordinates of methane. These coordinates are q 1 , which belongs to the symmetric C-H stretch ( 1 ) mode, and the three components of q 3 ϵ(q 3x ,q 3y ,q 3z ) of the asymmetric C-H stretch ( 3 ) mode. In Paper I these coordinates were concisely referred to as s,q x ,q y , and q z , respectively. The 3 mode belongs to the same irreducible representation ͑irrep͒ of the tetrahedral group T d as the 4 bend mode and these modes can couple in principle. The force field of Ref. 19 shows that the stretch-bend coupling is small, however, and therefore we neglect this coupling. The potential presented in Paper I is an extension of our earlier potential obtained from ab initio symmetry-adapted perturbation theory dering of CH 4 rotations depends on the symmetry species: nearly free internal rotor states occur for the A and F species, whereas relatively large splittings of the free rotor levels are found for the E species with nonzero values of the rotational quantum number K. Our calculations explained the general appearance of the ir spectrum observed in the 3 mode region and gave rise to a partial assignment of the lines in this spectrum, which until then had not been possible. 21 In this connection it may be mentioned that the same SAPT potential also produced accurate elastic ͑total differential͒ and rotationally inelastic ͑state-to-state integral͒ cross sections for methane-Ar scattering. 20, 22 The present article describes a theoretical study of the photodissociation of methane-Ar, with the aim of understanding the large variation of the observed lifetimes and predicting the corresponding fragment state distributions ͑yet to be measured͒. We consider the fragmentation of the complex into two different channels, occurring after excitation of the methane 3 mode. The first channel leads directly to Ar and ground state CH 4 . In the second channel the CH 4 fragment remains excited in the 1 mode. Since the 3 vibration is only 103 cm Ϫ1 higher in energy than the 1 mode and the dissociation energy D 0 of the complex 17 is about 90 cm Ϫ1 , this channel is barely open. Therefore, the complex can dissociate into this channel with very small kinetic energy release, which, according to the energy gap law, [23] [24] [25] [26] [27] [28] is likely to be a fast process. In Sec. II it is outlined how we determine resonances in the energy-dependent cross section for vibrational predissociation into both channels. We found that the Ar-CH 4 ( 1 ) scattering states contain several rotational resonances, which we identified by inspecting the phase shifts. Further complications are the threefold degeneracy of the 3 mode and the first-order Coriolis coupling of the vibrational angular momentum generated by this mode with the ͑hindered͒ internal rotation of CH 4 in the complex. Inclusion of this rather small coupling term is necessary to obtain the correct symmetry selection rules for the transitions. The direct calculation of the spectral linewidths by a Fermi golden rule formula is described in Sec. II as well. In Sec. III we discuss the results.
II. PHOTODISSOCIATION FORMALISM
The cross section for excitation of a system from an initial bound state ͉⌿ i ͘ with discrete energy E i to the scattering state ͉⌿ f (E)͘ of continuous energy E is given by
Here e is the polarization vector of the incoming photon and is the dipole moment function. With the photon having energy ប, energy conservation gives EϭE i ϩប. In the present work we generalized the atom-diatom formalism and program of Roncero et al. 5 to atom-polyatom systems with different monomer modes, part of which are degenerate.
The bound state ͉⌿ i ͘ is one of the van der Waals states of the dimer with the methane in its vibrational ground state. The final state is a 3 state that is coupled with the continuum states of the ground-state potential as well as those of the 1 potential. In the present work we assume that the 3 and 1 potentials are the same as the ground-state potential, but shifted upward by 3019.494 cm Ϫ1 and 2916.480 cm Ϫ1 , respectively, which are the band origins of the 3 and 1 levels in free CH 4 . 29 It is convenient to choose a system of axes fixed to methane such that the xz plane is a mirror plane. Since in Paper I the potential was expressed in a body-fixed frame with one proton on the ͑1,1,1͒ axis, we must rotate the potential around the body-fixed z axis over an angle 45°. Denoting the azimuthal angle of argon in the definition of Paper I and the present paper by ⌽ 1 and ⌽, respectively, we have ⌽ϭ⌽ 1 Ϫ45°. Because in the present choice of frame ⌽ →Ϫ⌽ is a symmetry operation, the imaginary part of exp(im⌽) will not contribute to the potential. This has the simplifying consequence that all Hamilton matrix elements arising in this work are real. We further choose a dimer frame that has its z axis along R-the vector pointing from the center of mass of the molecule to the atom. The angles ␣ and ␤ are the usual spherical polar angles of R with respect to an arbitrary space-fixed frame. The frame fixed to methane has the Euler angles ϵ( 1 , 2 , 3 ) with respect to the dimer frame. The relation with the polar angles of argon is ⌰ϭ 2 , ⌽ϭϪ 3 , and 1 corresponds to a rotation of methane around R ͑which leaves the potential invariant͒.
The nuclear Hamiltonian in the dimer frame is
where H A is the vibrational energy operator of the free CH 4 , which is the usual harmonic oscillator Hamiltonian depending on the normal modes q 1 and q 3 ϵ(q 3x ,q 3y ,q 3z ). This term is effectively accounted for by the energy shifts ͗H A ͘ v in the 1 and 3 potentials and the use of different rotational constants B for methane. The term T A in Eq. ͑2͒ is the kinetic energy operator corresponding to the rotation of methane in the complex, J is the body-fixed total angular momentum of the complex with respect to the dimer frame, and j is the ͑space-fixed͒ angular momentum operator of methane. Finally, is the reduced mass of the dimer. Note that J and its projection J z on the space-fixed z axis are constants of the motion with conserved quantum numbers J and M , respectively. The only terms that break K, which is the projection of J and j on R, are the off-diagonal terms in j•J. For low J this part of the Coriolis interaction is very small and we omit it from our calculations. Hence we take K to be conserved. ͑Note that the K quantum number is often designated by ⍀ in scattering papers.͒ In the ground and 1 vibrational states of CH 4 we simply have the spherical top Hamiltonian for T A , namely T A ϭB v j 2 . In the vibrationally excited 3 mode there is firstorder Coriolis coupling between the vibrational angular momentum l vib and the body-fixed angular momentum j BF of methane. 30 That is, when the molecule is in the 3 mode, the kinetic energy T A takes the form
The 3 functions, ͉ 3 ,m l ͘, are eigenfunctions of the operator 
where
between the scattering energy E and the energy of exit channel (v, j,k). Here v denotes the ground state or the 1 state. Since methane is a spherical top, this energy does not depend on k. Notice that these boundary conditions differ from the usual scattering boundary conditions by an interchange of the roles of the incoming and outgoing waves and the appearance of the complex conjugate of the S matrix. We replace f in the scattering state ͉⌿ f (E)͘ by the quantum numbers of the exit channel and expand this state as follows ͑remember that the quantum number K is assumed to be good͒:
Insertion into the time-independent Schrödinger equation gives the coupled channel equations in the usual way. The R-dependent expansion coefficients, computed from these equations, are used in the evaluation of the cross section. The cross section in Eq. ͑1͒ becomes for rotationally resolved transitions JЈKЈ←JK:
where the partial cross sections We can factorize a matrix element of the potential in a part depending on the normal coordinates and a part depending on the Euler angles of methane. With regard to the first part we recall that the potential of Paper I is expressed in Cartesian components of the normal coordinate q 3 . In the channel basis of Eq. ͑4͒ we introduced a spherical basis ͉ 3 ,m l ͘ for the 3 mode, which is more convenient for use with the operator 2l
͑3͒. This spherical basis corresponds to the coordinates
From the chain rule we find for the derivatives
In Paper I Taylor-series expansions of the potential in terms of the normal coordinates were expressed in Cartesian form.
The following relation follows directly from Eqs. ͑9͒ and ͑10͒:
where the spherical components of q 3 are indicated by m and the Cartesian by ␣. Equivalent relations exist between ‫ץ(‬ 2 A/‫ץ‬q 3␣ ‫ץ‬q 1 ) 0 and ‫ץ(‬ 2 A/‫ץ‬q 3m ‫ץ‬q 1 ) 0 . The terms in q 3m appearing in the potential couple the ground vibrational state with the 3 excited state. Similarly, the terms in q 1 couple the ground state with the 1 vibrational states, while the excited 1 and 3 states are mixed by the bilinear terms in q 3m q 1 .
The vibrational matrix elements in the spherical coordinates are now simply
. With regard to the part of the matrix elements depending on we point out that the angular dependence of the potential is given by expansions of linear and exponential parameters in terms of tetrahedral harmonics T ␥ (l) (⌰,⌽). See Table  1 of Paper I for a list of tetrahedral harmonics as linear combinations of spherical harmonics. Matrix elements of spherical harmonics are easily computed by application of the Wigner-Eckart theorem, but not if they appear in the exponent. To tackle this problem we expanded the total intermolecular potential, including its exponential parts, in spherical harmonics Y (⌰,⌽). We expanded through max ϭ12, which obviously must be larger than the maximum l index (l max ϭ7) appearing in the fits of Paper I. We meet the following angular matrix elements:
which are proportional to products of two 3 j symbols.
A dipole moment surface is needed in the cross section of Eq. ͑1͒. Under neglect of all intermolecular effects this surface factorizes into a vibrational part and a part depending on the intermolecular coordinates:
The vibrational part m (q 3 ) appears in a matrix element coupling the vϭ0 state with the 3 state. We simply take the intramolecular vϭ0→ 3 transition moment of CH 4 as the unit of dipole moment, as was done earlier. 17 This is possible because we are only interested in relative line strengths. Obviously m (q 3 ) is of F 2 symmetry, otherwise the transition moment would be zero. The total dipole surface is of A 2 symmetry under the permutation-inversion group PI(T d ) because it is invariant under permutations of identical nuclei and changes sign under space inversion E*. Since F 1 and F 2 are conjugate irreps of PI(T d ), the irrep A 2 is only obtained from the multiplication of F 2 by F 1 . It follows that the remaining part of the dipole surface is necessarily of F 1 symmetry. Indeed, the right-hand side of Eq. ͑14͒ can be shown to have this symmetry. For the states of the dimer we have similar symmetry rules: the 1 and the ground vibrational state of the methane monomer being of A 1 symmetry, the corresponding symmetry of the total dimer state is simply the symmetry ⌫ vdW of its intermolecular part ͑the part depending on the coordinates ,␣,␤͒. However, for the state ͉ 3 ,m l ͘ of the monomer we must consider the reduction ⌫ vdW F 2 to find the symmetry of the dimer state. For example, for ⌫ vdW ϭF 2 we obtain F 2 F 2 ϭA 1 E F 1 F 2 . We have also computed linewidths 2⌫ directly by the golden rule formula, Eq. ͑22͒, in Ref. 5 ,
with
where To end this section we mention some computational details. The maximum value of j in the angular channel basis of Eq. ͑4͒ was j max ϭ9 in most cases. A substantially larger value of j max was taken in the calculations referring to the direct dissociation of the 3 excited levels to ground state CH 4 and Ar, because of the large energy gap of 3019.5 cm Ϫ1 involved in this process, which leaves ground-state rotational channels open up to jϭ23 inclusive. We then used j max ϭ26 for ground state CH 4 . ͑We tested j max ϭ30, but this gave essentially the same result as j max ϭ26.) Bound states were calculated with the same Morse oscillator radial basis (0рnр10) and the same parameters as in Ref. 17 , with a 20-point Gauss-Laguerre quadrature for the radial integrals. Note that the energies of the present ͑quasi-͒ bound levels differ slightly from those in Ref. 17 , because the fit of the SAPT potential surface described in Paper I is more accurate than the fit of Ref. 17 . Dissociating states were propagated with the De Vogelaere algorithm 37, 38 from Rϭ4.5a 0 to 30a 0 with step size 0.008a 0 . The bound wave functions involved in the photodissociation and the coupling terms in the potential were first computed with intervals varying from 0.05a 0 for 4.5a 0 рRр10a 0 , to 0.5a 0 for Rр15a 0 , to 1.0a 0 for larger R, and then interpolated during the propagation. Resonances in the photodissociation cross sections were traced by performing coupled channel calculations for a range of ener-gies with steps of 0.01 cm Ϫ1 and then characterized by zooming in on them, to a degree that depends on the width of the resonance.
III. RESULTS
Before presenting the calculated results we summarize the main characteristics of the high-resolution infrared spectrum of CH 4 -Ar in the region of the 3 mode. This spectrum, shown in Fig. 1 , was measured by Miller and first presented at the 1994 Faraday Discussion on van der Waals molecules. 21 In Ref. 17 it was found by means of an ab initio calculation of this spectrum that the seven bands ͑I to VII͒ in the experimental spectrum correspond to the transitions illustrated in Fig. 2 . In Table I of Ref. 16 it was shown that the widths of the lines in the different bands vary over an order of magnitude, despite the fact that the energies (Ϸ3020 cm Ϫ1 ) of the transitions that correspond to these bands only vary over about 40 cm Ϫ1 . Table I shows the linewidths for direct dissociation of the 3 excited methane-Ar complex into Ar and ground state CH 4 calculated with the golden rule formula in Eq. ͑15͒. The linewidths 2⌫ in this table range from about 10 Ϫ7 to 10 Ϫ9 cm Ϫ1 and, hence, direct dissociation to the ground state is very slow: on the order of 10 s to 1 ms. This is related to the large energy gap involved in this process. But, since the linewidths measured for the CH 4 -Ar complex ͑see Table I of Ref. 16 and Table IV below͒ are much larger, we conclude that the ground-state channel effectively does not contribute to the 3 vibrational predissociation of this complex. We therefore omitted this channel altogether, and considered only decay into the channel in which the CH 4 fragment remains excited in the 1 mode. Decay into the ground-state channel is determined by the coupling of the 3 fundamental with the ground state
i.e., the first derivatives of the potential V multiplied by vibrational coupling matrix elements linear in q 3 . Decay into the 1 channel is determined by the coupling between the 3 and 1 excited states:
which is bilinear in q 3 and q 1 . With the use of the first derivatives of the potential, displayed in Fig. 1 of Paper I, the second derivatives in Fig. 5 of that article, and the vibrational transition matrix elements, it follows that the 3 Ϫ 1 coupling terms are smaller by an order of magnitude than the direct coupling of 3 with the ground state. Still, we find that the small kinetic energy release makes the 1 channel very effective in vibrational predissociation. The linewidths that result from this process have been obtained from an analysis of the resonances in the photodissociation cross section calculated according to Eq. ͑7͒, as well as from a direct calculation with the use of the golden rule formula in Eq. ͑15͒. Let us first discuss the resonances in the cross sections for excitation from the occupied ground-state van der Waals levels to different 3 levels, since this gives a nice insight into the mechanism of the line broadening. These resonances originate from quasibound 3 levels that are broadened by coupling with the open rotational channels of 1 excited CH 4 -Ar. Or, in more physical terms, by decay into the rotational levels of the 1 excited CH 4 fragment that are accessible at the energies of the various excited 3 levels. Figure 2 shows not only which of the 3 levels are excited by the transitions that correspond to the bands I to VII of the infrared spectrum, but also which of the rotational 1 channels are open.
Some of the resonances in the photoexcitation cross sections are displayed in Fig. 3 . We discuss these resonances in rather great detail, in order to illustrate how the broadening of specific lines in the spectrum is related to the mechanism that causes lifetime broadening of the excited levels and to the transition dipole selection rules. All of the excited levels shown in this figure correspond to a quasibound van der Waals level of the complex with F 2 symmetry for JϭK ϭ0. For the selection rules it is important that the same level has F 1 symmetry for Kϭ0 and odd J, and both F 1 and F 2 symmetry for ͉K͉Ͼ0. In combination with the threefold degenerate 3 mode of F 2 symmetry this van der Waals level gives rise to four levels: one of A 1 , one of F 1 , one of F 2 , and one of E symmetry ͑for JϭKϭ0). The splitting between these levels is caused by the intermolecular potential and by the first-order Coriolis coupling between the vibrational angular momentum l of the 3 mode and the hindered rotation j of the CH 4 monomer in the complex; see Eq. ͑3͒.
The typical splitting pattern of the quasibound levels, indicated by the dashed bars in Fig. 3 , was already observed and explained in Ref. 17 . The same splitting pattern is obeyed by the resonances displayed in Fig. 3 , but not all of the quasibound levels turn into a resonance. Only 1 excited channels with jϭ0 and jϭ1 are open at this excitation energy ͑cf. Fig. 2͒ ; they correspond to symmetries A 1 and F 2 , respectively ͑for Jϭ0). Hence, for JϭKϭ0 the 3 excited levels of F 1 and E symmetry cannot couple to the 1 continuum and do not yield resonances in our calculations. Further restrictions are due to the selection rules, A 1 ↔A 2 , F 1 ↔F 2 , E↔E, dictated by the A 2 symmetry of the transition dipole operator, and the symmetry of the ground-state levels from which the transitions originate.
The two resonances in the J,Kϭ1,0→0,0 transitions in Fig. 3͑a͒ correspond to the F 2 resonance is excited from a Jϭ1 ground state level of F 1 symmetry. The first transition corresponds to a line in band IIIa of the spectrum, the second to a line in band II. In the J,Kϭ0,0→1,1 transitions in Fig. 3͑b͒ one observes also the resonance of F 1 symmetry, which is excited together with the F 2 resonance. The two peaks are separated by about 1.0 cm Ϫ1 . For ͉K͉ϭ1 both these resonances have obtained F 1 and F 2 components; the F 1 components are those that are actually excited from a ground state (JϭKϭ0) level of F 2 symmetry. Both transitions correspond to lines in band II of the spectrum.
The A 1 resonance is absent from the calculated spectrum in Fig. 3͑b͒ because there are no continuum states of A symmetry in the 1 excited channel that can couple with the 3 level of A 1 symmetry to broaden this level into a resonance. The 1 channel of A 1 symmetry with jϭ0 that was open for Kϭ0 does not occur for Kϭ1 because of the condition j у͉K͉. This A 1 resonance would appear, with very small width, if we had simultaneously included dissociation into the ground-state channel ͑see Table I͒ . By this detailed discussion we wanted to show that even when excited levels correspond to the same van der Waals level of the 3 state and they are within an energy range of only 1.5 cm Ϫ1 , they can still be broadened by very different amounts or not be broadened at all. Which levels are excited depends on the selection rules; whether and how the excited levels are broadened into resonances depends on the availability of open 1 channels of the appropriate symmetry.
Since the measured infrared spectrum was rotationally resolved we calculated the cross sections of rotationally resolved transitions i JЈKЈ←JK (E) starting from some initial van der Waals levels i of the vibrational ground state of the complex as functions of the energy E. For all of the resonances found in these photodissociation cross sections the energy dependence could be precisely fit by a Lorentzian line shape function. This allowed us to extract the exact positions of the resonances, the linewidths ͑excited-state lifetimes͒, and the line strengths. All of these data are collected in Table  II . From the linewidths in this table one can obtain also the linewidths of transitions starting from other initial bound states i and ending in the same excited levels. The table contains also the distributions of the emerging 1 excited CH 4 fragments over the rotational states j. They follow directly from the partial cross sections v j,i JЈKЈ←JK (E) in Eq. ͑7͒ with vϭ 1 .
Table III displays the energies, widths, and product distributions of the same excited levels calculated directly with the golden rule formula, Eq. ͑15͒. The rotational state distributions of the 1 excited CH 4 fragment are obtained from the partial linewidths ⌫ 3 w;v j JK with vϭ 1 . The energies in the second column of this table are from bound-state calculations of the levels in the 3 potential, with the inclusion of the first-order Coriolis coupling between the vibrational angular momentum l of the 3 mode and the hindered rotation j of the CH 4 monomer; see Eq. ͑3͒. From theory it is well established that the coupling of a ͑quasi-͒ bound level to a continuum not only gives a level broadening but also a shift. These shifts are clearly visible in Fig. 3 . By comparison of the energies in the second column of Table III with the corresponding energies of the resonances in Table II one Other possible channels involving intermediate states with CH 4 excited into the lower lying 2 and 4 bending modes, overtones, or combinations, were not explicitly considered in this work. Due to the relatively large energy releases and the even more indirect couplings required for dissociation through ''doorways'' involving these modes, we believe that they are much less effective than the 1 mode. An experimental result that supports this conclusion is that the lines in the 4 excitation spectrum of the CH 4 -Ar complex 39 do not show any lifetime broadening. The 4 vibration at 1310.76 cm Ϫ1 is the lowest frequency mode of CH 4 and there are no levels available that would allow the complex to dissociate with such a small kinetic energy release as the 1 doorway does for the 3 excitations.
In Table IV we present a more detailed comparison of 40 which is a convolution of a Lorentz profile with natural linewidth w L ϭ2⌫ and a Gaussian profile corresponding to an instrumental linewidth w G . The latter was first estimated by fits of the monomer lines in the spectrum, which, indeed, show a perfectly Gaussian line shape: w L ϭ0. The widths w G of the monomer lines are not constant, however ͑see Table V͒. In the Voigt fits of the lines in the dimer spectrum we fixed w G at the value of the monomer line that lies in the same frequency range ͑see Fig. 1͒ . If this caused some uncertainty, we indicated a range of values. Linewidths w L smaller than about 1ϫ10 Ϫ3 cm Ϫ1 cannot be reliably extracted from the experimental spectrum.
The strong variation in the linewidths observed experimentally is quite well reflected by the calculations ͑see Table  IV͒ . The lines in band II, for example, are much narrower than those in band IIIa. This substantial difference in linewidth is remarkable since the 3 levels excited in bands II and IIIa correspond to the same ( jϷ1) van der Waals level of F symmetry ͑cf. Fig. 2͒ . Even for the individual lines the calculated widths agree well with experiment in most cases. An ambiguity in the comparison between the calculated and experimental values is due to the fact that the assignment of many of the experimental lines is still uncertain ͑see Figs. 1-7 of Ref. 16͒. The lines in band IIIa of the experimental spectrum are very broad, so that the individual lines overlap and most of them cannot be identified. There are also some lines for which the calculated width differs strongly from the experimental value, such as in band V and the first line in band VI. The calculated values are very small in these cases, however, and we believe that the neglect of off-diagonal Coriolis coupling is not justified for these transitions. Parts of the bands V and VI are assigned in Figs. 3 and 4 of Ref. 16 to transitions with ͉K͉ϭ0→2. The theoretical spectrum used in this assigment was based on calculations 17 that did include the off-diagonal Coriolis coupling. The observation that such ⌬Kϭ2 transitions are quite intense indicates clearly that some mixing of states with different K must occur. This mixing could substantially affect the linewidths if narrow levels with specific K are mixed with other K levels that are much broader.
Another reason for the remaining discrepancies could be some inaccuracy in the ab initio intermolecular potential. In particular, the effect of the T d symmetry breaking in the 3 excited state of the methane monomer, which is quantitatively given in Paper I, was not yet used in the calculations of the spectrum. Moreover, we observe in Table VI that the linewidths are extremely sensitive to small changes in the potential. One might think that this is due to the effect of the resulting changes in the coupling matrix elements that contain the derivatives of the potential. The results in Table VI show that this is not the dominant effect, however. A reduc- tion of the coupling matrix elements by 3% causes a reduction of the linewidths by about 6%, as expected, since the golden rule formula shows that the linewidths depend quadratically on the coupling matrix elements. Scaling of the intermolecular potentials used in the calculations of the 3 quasibound states and of the 1 continuum wave functions entering the golden rule formula has a much more important effect. A 3% change of the potential gives the expected 3% change of the energy levels ͑see Table VI͒ but factors of 3 to 6 in some of the linewidths. Another illustration of the extreme sensitivity of the linewidths is given in Fig. 4 . Here we displayed the linewidth ⌫ calculated by the golden rule formula as a function of the energy E. Equation ͑15͒ indicates that one should fix the energy at E 3 w , the energy of the quasibound level, in order to obtain the width ⌫ of this level. Variation of this energy has only a small effect on ⌫ in ''normal'' cases. Here we see that there are several strong peaks in ⌫(E) that change the value of this quantity by several orders of magnitude. Since the wave function of the 3 quasibound state was fixed in these calculations, these peaks must be due to changes in the continuum wave functions ⌿ v jk (E) of the 1 excited state. Peaks in ⌫(E) will occur if these continuum wave functions have a large amplitude in the region of the van der Waals well, where also the quasibound states ⌿ 3 w are localized and the coupling matrix W 3 ,v is important. The energy gap between the 3 and 1 modes of the methane monomer is only 103 cm Ϫ1 and, since D 0 of the methane-Ar complex is about 90 cm Ϫ1 , the van der Waals levels in the upper ( 3 ) state start at about 90 cm Ϫ1 below the energy of the methane 3 monomer. Hence, the energies covered by the quasibound levels of the 3 state correspond to the low lying continuum of the complex in its 1 state. Figure 2 shows that, in effect, the energy range covered by the transitions in the 3 mode spectrum is from about 10 to 50 cm Ϫ1 with respect to the energy of the 1 excited monomer. Rotational resonances might be expected in this energy range, but we did not observe any relation between the positions of the peaks of different symmetry and the rotational levels of 1 excited methane with different j.
In order to find the origin of the peaks in ⌫(E) we investigated the continuum states ⌿ v jk (E) of 1 excited methane-Ar by means of scattering calculations that include only the vϭ 1 vibrational channel. The occurrence of rotational resonances in this continuum can be deduced from an analysis of the S matrix. It follows from scattering theory 41, 42 that the sum of the phases of the eigenvalues of the S matrix is described by a Breit-Wigner function (E)ϭ 0 (E) ϩarctan͕⌫/(E r ϪE)͖ in the neighborhood of an isolated resonance. E r is the energy of this resonance and the background contribution 0 (E) is a smoothly varying function of E. This behavior implies that (E) rises by in the neighborhood of a resonance. The derivative d(E)/dE has the form of a Lorentz function in this region. This property has been used in several papers [43] [44] [45] the absolute squares of these wave functions at the energies of some of the peaks in Fig. 6 and in Fig. 4 . Also the contributions to these functions of different rotational channels jЈ are plotted, after summation over Ϫ jЈрkЈр jЈ. The scattering wave function of A symmetry with jϭ0 in Fig. 7 shows, for example, that the resonance of A symmetry that occurs at 20.81 cm Ϫ1 above the 1 threshold with jϭ0 is due to strong admixture of jЈϭ3 and jЈϭ4 closed channels into a continuum state with jЈϭ0. Hence, this is clearly a rotational resonance, but not a simple one as the components with jЈϭ3 and jЈϭ4 occur with nearly equal amplitudes. The jЈϭ3 component is accompanied by one quantum of radial excitation ͑one node in its R dependence͒ and the jЈ ϭ4 component is in its radial ground state. Figure 8 shows a similar rotational resonance at somewhat higher energy that contains the same components, but now with three quanta of radial excitation in the jЈϭ3 closed channel and one quantum in the jЈϭ4 closed channel. The latter channel is barely closed at this energy and the radially excited state extends quite far into the outer region of the van der Waals well. Note that the channels with jЈϭ1, 2, and 5 are not allowed for A symmetry. A scattering function with jϭ1 at a rotational resonance of F symmetry is shown in Fig. 9 . Many more components occur in this wave function, because of the F symmetry that allows the jЈ values 1,2,3,4,5, . . . and of the higher energy. Also the channel with jϭ2 is open at this energy, as is apparent from the constant nonzero value of the jЈϭ2 contribution to ͉͉ 2 for R→ϱ. The fact that the jЈ ϭ1 channel shows a sine type function at large R is due to the interference between the outgoing wave exp(ik j R) with jϭ1 and the phase-shifted incoming wave exp(Ϫik j Ј R) with jЈϭ1 ͓cf. Eq. ͑5͔͒. The same interference effect was visible in the jЈϭ0 channels of the jϭ0 wave functions in Figs. 7 and 8. The F symmetry resonance in Fig. 9 is clearly a rotational resonance also, with the main contribution from the closed channel with jЈϭ3 and four radial nodes, but also substantial contributions from closed channels with jЈϭ4 ͑one radial node͒ and jЈϭ5 ͑no nodes͒. All of these resonant wave functions have large amplitudes in the region of the van der Waals well, which explains the occurrence of the peaks in ⌫(E). In the analysis of the different resonances we could also observe that the sharper the peak in ⌫(E) and 
FIG. 7. Radial function
2 for an open channel with j ϭ0 from scattering calculations for Ar and 1 excited methane with JϭK ϭ0 at the energy of a resonance of A symmetry. This function is plotted as ''tot;'' the contributions of different channels jЈ summed over Ϫ jЈрkЈ р jЈ are plotted separately.
d(E)/dE the larger the amplitudes of the quasibound wave functions relative to those of the continuum parts of the wave function. Hence, it is indeed the occurrence of rotational resonances in the 1 continuum between 10 and 50 cm Ϫ1 that makes the linewidths so sensitive to the potential. Small changes of the potential shift the quasibound 3 levels as well as the energies of the rotational resonances in the 1 continuum, but not by equal amounts. And it is obvious now that the linewidths depend very strongly on the relative position of these 3 quasibound levels and the 1 rotational resonances. The same effect could be attained by changing the gap between the 3 and 1 band origins, but this gap is precisely fixed by spectroscopic data, of course. A similar phenomenon was found 48 in the vibrational predissociation of the triatomic Ne-Br 2 van der Waals complex, when the ⌬vϭϪ1 channel was open with little available energy. Also the strong sensitivity 7 of the resonance width to the potential parameters in Ar-Cl 2 is probably due to such a phenomenon. The result for methane-Ar that the resonance widths of the 3 states of different A, F, and E symmetry are so different is related to these findings: the resonance structure in the 1 continuum depends strongly on the symmetry. The 1 channels of different symmetries open up at different thresholds; we saw this already for the jϭ0 and jϭ1 channels, which correspond to symmetries A and F, respectively.
Our photodissociation calculations also provide the distributions of the 1 excited CH 4 fragment over rotational states j ͑see Tables II and III͒ . These distributions appear to depend strongly on which of the 3 van der Waals levels are excited. The effects of Coriolis coupling that mixes the states with different K will make our predicted rules somewhat less strict. Such fragment distributions have been measured for some other van der Waals complexes, [49] [50] [51] [52] but not yet for methane-Ar.
IV. CONCLUSION
This paper describes a calculation, completely ab initio, of the energy-dependent cross section for vibrational predissociation of CH 4 -Ar through excitation of the 3 asymmetric stretch mode of CH 4 . It is based on the intermolecular potential surface in Paper I ͑Ref. 18͒ that depends explicitly on the 3 and 1 normal coordinates of the CH 4 monomer. Particular attention is given to the widths of the resonances in this cross section that correspond to various quasibound van der Waals levels excited in combination with the 3 mode. It is found that dissociation into CH 4 fragments excited in the 1 symmetric stretch mode strongly dominates over direct dissociation into ground state CH 4 , and is responsible for the strong line broadening observed experimentally. The efficiency of this V→VЈ process is caused by a very low kinetic energy release. Direct calculations of the linewidths by means of the more approximate golden rule formula agree very well with the linewidths obtained from an analysis of the resonances in the photodissociation cross sections. Good agreement with the measured high-resolution spectrum is obtained, both for the magnitude of the linewidths and for their variation over different quasibound levels. Predictions are given for the distributions of the 1 excited methane fragments over the rotational levels j. Furthermore, it is found that the widths of the resonances in the photodissociation cross section depend extremely sensitively on the potential surface. This strong dependence is related to the occurrence of rotational predissociation resonances in the low-lying continuum of the 1 state in the same energy range as the quasibound 3 levels. Also the large differences in the resonance widths for 3 levels of A, F, and E symmetry are related to the opening up of 1 dissociation channels of different symmetry and the resonance structure in the lower range of the 1 continuum.
